BACKGROUND-Childhood asthma is a complex disease with known heritability and phenotypic diversity. Although an earlier onset has been associated with more severe disease, there has been no genome-wide association study of the age of onset of asthma in children.
INTRODUCTION
Asthma is a complex disease affecting approximately 7 million children in the United States (1) . Variants in more than 40 genes have been associated with asthma (2, 3) . Of these potential asthma susceptibility genes, a handful (e.g., ORMDL3, PDE4D, DENND1B) have been identified by genome-wide association studies (GWAS) (4) (5) (6) (7) . Recently, a large-scale GWAS confirmed ORMDL3 and identified several other variants, including IL1RL1/ IL18R1, HLA-DQ, IL-33, and SMAD3 (8) .
Childhood asthma has significant phenotypic heterogeneity. The age of onset of asthma has important phenotypic and prognostic implications (9, 10) , and an earlier age of onset is associated with increased severity of asthma in children with symptoms persisting into school age and adolescence (11, 12) .
In recent years, two studies looking at variants of ORMDL3 found them to be strongly associated with asthma only among those whose symptoms started before 4-5 years of age (13, 14) . However, there have been no genome-wide studies directly assessing the genetic determinants of the age of onset of asthma in children. We present the results of a GWAS of the age of onset of asthma in a cohort of North American children enrolled in the Childhood Asthma Management Program (CAMP), followed by replication studies in three independent cohorts of asthmatic children from Latin America, North America, and Europe.
METHODS

Population for GWAS
CAMP was a multi-center clinical trial of the effects of anti-inflammatory medications in children with mild to moderate asthma ages 5-12 years at enrollment. Study protocol and subject recruitment have been described in detail (15, 16) . Of the 1,024 children in CAMP, we included 573 genotyped non-Hispanic white children (413 index children in nuclear families and 160 singletons) in our analysis. Further details can be found in the Online Supplement. CAMP was approved by the Institutional Review Boards of Brigham and Women's Hospital and the other participating centers.
Replication Cohorts
GACRS:
The protocols for subject recruitment and data collection for the Genetics of Asthma in Costa Rica Study (GACRS) have been previously described (17, 18) , (19) . A total of 591 children (ages 6-14 years) were included in the replication analysis. BAMSE: BAMSE (Children Allergy Milieu Stockholm Epidemiological Survey) is a study of Swedish children recruited at birth between 1994 and 1996 and followed prospectively. BAMSE protocols have been previously described (20, 21) . A total of 107 genotyped children with physician-diagnosed asthma and persistent wheezing at age 8 years were included in the analysis. PACT: The Pediatric Asthma Controller Trial (PACT) compared the effectiveness of different controller regimens for asthmatic children ages 6-14 years with mild to moderate persistent asthma and documented bronchial reversibility and/or methacholine sensitivity (22) . A total of 233 genotyped children were included in the analysis. Data from PACT was available through the Single-nucleotide Polymorphism Health Association Asthma Resource Project (SHARP, see Acknowledgments). All studies (GACRS, BAMSE, and PACT) were approved by the respective Institutional Review Boards and/or Ethics Committees of the participating institutions.
Phenotyping
The age of onset of asthma was obtained in CAMP, the GACRS, and PACT by parental report via questionnaire at the beginning of each study. The age of onset was analyzed as a continuous variable; any age of onset reported to be less than 6 months of age was considered to be 0.5 yrs. In BAMSE, questionnaires were mailed to parents when participating children were approximately ages 1, 2, 4, and 8 years. For our analysis, the age of onset was assigned to be the mid point of each time interval: 0.5, 1.5, 3, 5, or 8 years. Details on phenotyping for other variables can be found in the Online Supplement.
Gene expression
Gene expression profiling was performed on CD4+ lymphocytes collected from 299 subjects participating in the CAMP Continuation Study, part 2 (CAMPCS/2). Details can be found in the Online Supplement.
Genotyping and quality control
Genome-wide SNP genotyping was performed by Illumina, Inc. (San Diego, CA) on the HumanHap550v3 BeadChip for CAMP subjects and their parents. After stringent quality control (see Online Supplement) 512,296 SNPs remained for analysis. Genotyping details for replication cohorts can be found in the Online Supplement. When SNPs selected for replication from CAMP were not available in PACT (genotyping done using a different platform), we performed imputation for the original SNPs using data from HapMap and the 1,000 Genome Project (see Online Supplement for details).
Statistical methods
The population-based GWAS of the age of onset of asthma in CAMP was performed by survival analysis in R via PLINK (23) . We used an additive model adjusted for age at enrollment, gender, and environmental tobacco smoke (ETS) exposure during infancy. To correct for population stratification, the main Eigenvectors describing the population substructure as identified by Eigenstrat (24) were included as covariates. We also performed family-based association testing (FBAT, a generalization of the TDT to test association with any phenotype, sampling structure, and pattern of missing marker information) in the 403 index children in nuclear families (25, 26) . SNPs with the lowest P-values in the populationbased survival analysis that also had FBAT-P<0.20 were considered for replication.
SNPs were tested in GACRS using the same adjusted survival and FBAT analyses, and in BAMSE and PACT using adjusted survival analysis. Replication of the original finding was defined as a nominal 1-sided P-value <0.05 with an effect in the same direction as in the GWAS. Fisher combined P-values for all cohorts and for the replication cohorts only were calculated using the population-based P-values from CAMP, BAMSE and PACT, and the FBAT P-value from GACRS (only the P value from the family-based association testing is presented to adjust for potential population stratification, since genome-wide genotypic data to estimate Eigenvectors were not available for this cohort). Bonferroni correction was used as a reference to control for multiple tests; significance threshold was P < 9.8×10 −8 (0.05/512,296) for the GWAS and the analysis of all cohorts, and P < 0.0036 (0.05/14) for the analysis including only the replication cohorts. Table 1 summarizes the baseline characteristics of all cohorts. Compared to children in CAMP, those in the GACRS had earlier onset of asthma, higher lung function and eosinophil count, lower total IgE, and were less likely to have been exposed to ETS; children in BAMSE had similar age of onset, lower frequency of exposure to ETS, and higher lung function; and children in PACT were older and had higher lung function, higher frequency of exposure to ETS and lower total IgE. GWAS P-values are shown in Figure 1 . Two SNPs (rs7927044 [chromosome 11q24] and rs10521233 [on 17p12]) were significantly associated with the age of onset of asthma after Bonferroni correction. These two SNPs as well as the 12 SNPs with the next-lowest Pvalues were carried forward for replication in GACRS, BAMSE and PACT.
RESULTS
Three SNPs were significantly associated with asthma onset in at least one of the replication cohorts in the same direction (earlier onset) as in the GWAS (Table 2) . SNP rs9815663 (3p26) showed significant association in CAMP BAMSE, and PACT, and a borderline significant association in GACRS (P=0.07). SNP rs7927044 (11q24) showed significant association in CAMP and BAMSE. SNP rs4658627 (1q44, within 5 kb of the gene C1orf100) was significantly associated with an earlier asthma onset in CAMP and the GACRS. After Bonferroni correction, SNPs rs9815663 and rs7927044 were significantly associated (at a genome-wide level) with earlier asthma onset in the combined analysis of all cohorts; rs9815663 was also significant in the combined analysis of the replication cohorts (excluding the GWAS). For rs4658627 the association with earlier asthma onset approached but did not achieve genome-wide statistical significance for all cohorts and for the replication-only combined analyses. Figure 2 depicts the Kaplan-Meier curves for age of asthma onset in CAMP for these SNPs. For rs9815663, the mean ages of asthma onset in children with 0 (AA), 1 (TA), and 2 (TT) copies of the risk allele were 3.4 (2.6), 2.6 (2.2), and 1.7 (1.8) years, respectively. For rs7927044, children with 0 (TT) and 1 (TA) copies of the risk allele had mean ages of onset of 3.1 (2.5) and 0.8 (0.6) years, respectively; no subjects were homozygous AA. For rs4658627, children with 0 (TT), 1 (TA), and 2 (AA) copies of the risk allele had mean ages of onset of 3.5 (SD=2.8), 2.8 (SD=2.2), and 2.6 (SD=2.1) years, respectively.
To assess the potential combined effects of the SNPs of interest (rs9815663 and rs7927044) on asthma onset, we conducted an exploratory analysis grouping children from CAMP (n=573) in two strata: those with 0 risk alleles for any of the two SNPs (n=201), and those who had ≥1 risk allele (n=372) ( Table 3 and Figure 3 ). Children with 0 risk alleles had a mean age of onset of 3.4 years (SD=2.57), while those who had ≥1 risk allele had a mean onset of 2.5 yrs (SD=2.13) (P<0.0001). Given the known association between earlier asthma onset and increased severity, we tested for association between the SNPs of interest and FEV 1 , a measure of lung function that is inversely correlated with disease severity. FEV 1 was ~2.8% lower (95% CI=0.5-5.2, P=0.018) in children with ≥1 risk alleles than in children without risk alleles. Children with ≥1 risk allele also had a higher mean score for albuterol use than those without risk alleles (P=0.004); by trial end the difference was ~0.3 points (95% CI=0.1-0.5, P=0.016). Results were similar when we excluded children who received budesonide during the CAMP trial (data not shown).
Using imputed genotypic data for CAMP (from the 1000 Genomes Project [1KGP]), we identified 10 nearby SNPs in high LD (r 2 >0.75) with SNP rs9815663. Figure 4 shows the LD plot and the −log10 P-values for the associated SNPs. All 10 SNPs were associated with age of onset of asthma in CAMP, with P-values ranging from 8.3×10 −6 to 2.2×10 −7 . Three additional SNPs in moderate LD (r 2 =0.5-0.75) had P-values between 2.0×10 −4 and 5.5×10 −5 . There were no SNPs in significant LD with rs4658627 or rs7927044, whether using genotyped or imputed CAMP data (see Figure E2 in the Online Supplement).
We then focused on gene C1orf100, which lies ~5Kb from SNP rs4658627, to assess its potential function. In CAMP participants with expression data available from CD4+ T lymphocytes (n=227), adjusted longitudinal analysis showed that the expression level of C1orf100, while not associated with age of onset of asthma, was associated with lower percent-predicted FEV 1 (P<0.0001) and FEV 1 /FVC (P<0.0001) throughout the 4 years of the trial. Exploratory analysis including the effects of C1orf100 levels, treatment with budesonide, and an interaction term (C1orf100*budesonide) showed a significant interaction between C1orf100 expression and budesonide on FEV 1 (Table 4) , while the interaction was not significant for FEV 1 /FVC (P=0.43). Expression levels of C1orf100 were also associated with an increased risk of severe exacerbations (ER visits, hospitalizations, or prednisone courses for ashma), increased night-time symptom scores, and more missed schooldays for asthma in CAMP (data not shown).
DISCUSSION
We report the first GWAS of the age of onset of asthma in children and report two SNPs (rs9815663 and rs7927044) significantly associated with an earlier age of onset of asthma in a combined analysis of four cohorts.
Childhood asthma is a complex disease, and our efforts to understand its causes and determinants have been hindered by its phenotypic heterogeneity. It is now recognized that asthma consists of diverse phenotypes, but the definitions of these phenotypes are also variable, depending on the methodologies used and the predictors included in the analysis (27) . Nonetheless, the age of onset of symptoms has been consistently identified as an important determinant of the severity of asthma in childhood (9, 11, 12, 28) .
The first of the two SNPs we report, rs9815663, located in chromosome 3p26.2, is not in any known gene. However, it was consistently associated with earlier asthma onset in all the cohorts tested (same direction of association and similar effect size), and it met criteria for significance after Bonferroni correction in the CAMP GWAS and in the combined analysis of all cohorts (P<9.8×10 −8 ), as well as in the analysis including only the replication cohorts (P<0.0036). Using imputed data in CAMP, we identified several other SNPs in high and moderate LD with rs9815663 that were also consistently associated with earlier age of asthma onset. The gene closest to this SNP codes for IL-5 receptor alpha (IL5RA). IL-5 plays a role in eosinophil homeostasis and activation (29) and is a potential target for future asthma therapies (30, 31) ; IL5RA is selectively expressed in the bronchial muscle and has been shown to play an eosinophil-independent role in airway hyper-responsiveness (32).
The second SNP, rs7927044, had the lowest P-value in CAMP, replicated very strongly in BAMSE, and was significantly associated with earlier asthma onset in the combined analysis of all cohorts. However, this SNP did not replicate in the analysis including only the replication cohorts (no significant replication in either the GACRS or in PACT [using the imputed data or an available marker in strong LD with rs7927044 [rs1364780, r 2 =1]), likely because of insufficient power (this SNP had low minor allele frequency [1-2%] in all the cohorts). Given this and the fact that there were no SNPs in significant LD with rs7927044, these results must be cautiously interpreted awaiting follow-up in additional cohorts.
A third SNPs (rs4658267) was not significantly associated with an earlier asthma onset in the combined analysis of all cohorts or in the analysis including only the replication cohorts. However, this SNP had the fourth lowest P value in the analysis of all cohorts and the second lowest P value in the analysis that included only the replication cohorts. Of interest, SNP rs4658267 is located within 5 kb of the gene C1orf100 (RefSeq: NM_001012970) on chromosome 1q44 (assembly NCBI36/Hg18, dbSNP build 130). The function of C1orf100 is still unknown, but the analysis of CD4+ T lymphocyte gene expression data showed that higher levels of expression of this gene were associated with lower lung function and other measures of asthma severity in CAMP. Although C1orf100 cannot be confidently identified as a candidate gene for susceptibility to earlier onset of asthma, our genetic expression data for C1orf100 lends significant biological plausibility to SNP rs4658267 and merits follow up. CD4+ T lymphocytes participate in airway inflammation, hyper reactivity, and remodeling, and may be involved in steroid resistance in asthma (33, 34) .
In this study, children with at least one copy of the risk alleles for an earlier asthma onset had a lower lung function (measured by FEV 1 ) and higher reported use of albuterol than those who had no risk alleles. This is consistent with prior results from CAMP, which showed that duration of asthma symptoms was associated with lower lung function, higher symptom scores, and increased use of albuterol (12) , as well as with those of epidemiologic studies reporting an association between early asthma onset and increased disease severity in adults (35) , (36) . Conversely, children with a later age of onset of asthma tend to have a preserved level of lung function at age 6 years when compared to children who have never wheezed (11) .
As is likely the case for other complex traits, genetic determinants may interact with environmental and/or pharmacologic factors. While the results of our exploratory analysis need to be interpreted with caution, we report an interaction between CD4+ T lymphocyte expression levels of a gene near one of our SNPs of interest (C1orf100) and treatment with inhaled budesonide on a measure of lung function (FEV 1 ) among children in CAMP. To our knowledge, this is the first report of a potential interaction between genetic determinants associated with the age of onset of asthma, lung function later in childhood, and pharmacologic treatment of asthma.
Our study has several limitations. First, we have inadequate power to identify modest genetic effects on asthma onset because of sample size. Second, the age of onset of asthma was ascertained retrospectively via parental report, which may introduce recall bias. Such bias would be non-differential with regard to genotypic data, and thus likely skew our results toward the null hypothesis of no association. Third, due to budgetary constraints, only 14 SNPs among the top-ranked results in our initial cohort were carried forward for replication. However, 2 of these 14 SNPs were also significant in a combined analysis of all cohorts. Clearly a broader search using a larger set of markers is warranted. Fourth, both using genotypic data imputation or high-LD surrogate markers have limitations.
In summary, we have identified two SNPs associated with earlier age of onset of childhood asthma in a combined analysis of four independent cohorts. We report that having at least one risk allele in any of the two "earlier onset" SNPs is associated with lower lung function and higher medication use during 4 years of follow-up in CAMP. These SNPs may be associated with different disease pathogenesis and/or prognosis. Further studies are needed in this area.
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Clinical implications
Differences in the age of onset in childhood asthma may be associated with different asthma phenotypes, and identifying genes associated with age of onset may have implications for management and prognosis. n/a = data not available. Table 2 Results for selected SNPs in CAMP, GACRS, BAMSE, and PACT test (CAMP and GACR). Combined P-values were calculated using Fisher's approach for all cohorts, and for replication cohorts only (GACRS, BAMSE and PACT), using the population-based approach P-values for CAMP, BAMSE and PACT, and the FBAT P-value for GACRS. * PACT genotyping performed on an Affymetrix platform, which does not include rs4658627 or rs7927044; analysis was performed using imputed genotypic data. Table 3 Age of onset of asthma and asthma phenotypes in CAMP, by genotype. Table 4 Longitudinal analysis for FEV 1 (%pred) and C1orf100 expression levels in CAMP * P<0.05, ** P<0.001. † Children in CAMP with the lowest levels of C1orf100 ~ and no budesonide treatment had FEV 1 ~96.2%. ‡ C1orf100 gene expression levels as log-intensity values. There was a drop of ~0.4% in FEV 1 for each log increase in C1orf100 level. § Children receiving budesonide had an FEV 1 ~3.2-3.6% higher than those not on budesonide.
|| Children with higher C1orf100 levels had a greater response to budesonide: for each log increase in the level, treatment improved their FEV 1 bỹ 0.3% more than those with lower expression levels of the gene.
In summary, higher expression levels of C1orf100 were associated with lower FEV 1 ; budesonide improved FEV 1 and also partially reversed the reduction in FEV 1 associated with higher C1orf100 levels.
